Objective: To assess efficacy and safety of adjunctive perampanel in patients with drug-resistant, primary generalized tonic-clonic (PGTC) seizures in idiopathic generalized epilepsy (IGE).
Few antiepileptic drugs (AEDs) are licensed to treat primary generalized tonic-clonic (PGTC) seizures. 1 One therapeutic target yet to be explored in this setting is the postsynaptic a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) glutamate receptor. This receptor has been considered a rational target for epilepsy treatments because it mediates most fast excitatory synaptic transmission in the CNS and has been implicated in multiple disorders characterized by neuronal overexcitation. 2 Antagonism of AMPA receptors has been associated with antiseizure effects in amygdala-kindled rats, potentially indicating clinical efficacy in primary generalized seizure types. [3] [4] [5] The noncompetitive AMPA receptor antagonist, perampanel, has been evaluated in 3 randomized, double-blind, placebo-controlled trials in patients with partial-onset seizures, with or without secondary generalization, despite receiving 1 to 3 AEDs. Significant reductions in the frequency of all partial-onset seizures, and in the frequency of complex partial plus secondarily generalized seizures and secondarily generalized seizures only, were observed with adjunctive perampanel at daily doses of 4 to 12 mg. [6] [7] [8] [9] Consequently, perampanel is now approved in more than 40 countries worldwide for adjunctive treatment of partial-onset seizures, with or without secondarily generalized seizures, in patients with epilepsy aged 12 years and older (18 years and older in Canada). 10, 11 The indication for perampanel in the United States and Europe has recently been expanded to include the adjunctive treatment of PGTC seizures in patients with idiopathic generalized epilepsy [IGE] aged $12 years.
It is unknown whether efficacy against secondarily generalized seizures in focal epilepsies translates to efficacy against PGTC seizures in IGE. This study assessed the efficacy and safety of adjunctive perampanel in patients with drugresistant PGTC seizures associated with IGE.
METHODS Classification of evidence. Primary research question: Does adjunctive perampanel provide an effective option for treatment of drug-resistant PGTC seizures in adults and adolescents with IGE? This interventional study provides Class I evidence that adjunctive perampanel 8 mg significantly reduces PGTC seizure frequency and improves 50% PGTC seizure responder rates in patients aged 12 years and older with drug-resistant PGTC seizures and IGE.
Standard protocol approvals, registrations, and patient consents. This trial (Eisai Inc. protocol: E2007-G000-332; ClinicalTrials.gov identifier: NCT01393743) was conducted at 78 sites in 16 countries (Australia, Austria, China, Czech Republic, France, Germany, Greece, India, Israel, Japan, Latvia, Lithuania, Poland, Serbia, South Korea, United States 13 which were in use when this study was designed. The term "idiopathic" (in IGE) is synonymous with "genetic" in the ILAE 2010 revised classification of seizures and epilepsy. 14 All diagnoses were confirmed by independent reviewers from the Epilepsy Study Consortium based on age at onset, EEG data, IQ, MRI, and seizure descriptions (appendix e-1 on the Neurology ® Web site at Neurology.org). Patients could be excluded because of insufficient information to confirm an IGE diagnosis (e.g., if the patient had only generalized tonic-clonic seizures and a normal EEG) or incorrect IGE diagnosis (e.g., slow spike-wave, developmental delay, or age at onset within first year of life). If a patient was considered ineligible, the information was sent to a second independent reviewer. If both reviewers were in agreement, the patient failed screening. Patients were also required to have $3 PGTC seizures during baseline and be taking stable doses of 1 to 3 approved AEDs.
Trial design. This was a multicenter, randomized, double-blind, placebo-controlled, parallel-group study. A prerandomization phase comprised screening (#4 weeks) and baseline (4 or 8 weeks, depending on the accuracy of diary-documented seizures during screening). Eligible patients were randomized (1:1) using an interactive voice response system to receive placebo or oral perampanel, stratified by country. A subsequent randomization phase comprised titration (weeks 1-4), maintenance (weeks 5-17), and follow-up (weeks 18-21; only patients not entering an extension phase). During randomization, patients and all personnel, including investigators, site personnel, and sponsor staff, were blinded to treatment. Study drugs were packaged and labeled to be indistinguishable between treatment groups.
During titration, patients in the perampanel group received an initial daily dose of 2 mg, before uptitration in weekly 2-mg increments to the targeted daily dose of 8 mg or the highest tolerated dose (whichever was lower). Patients entered the maintenance period at the last dose achieved during titration. Dose adjustment during the maintenance period was not recommended; however, according to the investigator's clinical judgment, patients with inadequate seizure control could have their dose increased by one 2-mg increment (up to a maximum daily dose of 8 mg) and patients who experienced intolerable adverse events (AEs) could have their dose decreased by one 2-mg increment.
Efficacy assessments. Seizure counts were recorded in patient diaries. The primary efficacy endpoint was the percent change in PGTC seizure frequency per 28 days (titration plus maintenance vs baseline). The key secondary endpoint was 50% PGTC seizure responder rate (percentage of patients achieving $50% reduction in PGTC seizure frequency during maintenance vs baseline; last observation carried forward). However, 50% PGTC seizure responder rate was designated as the primary endpoint for the purpose of registration in the European Union, according to European Union guidelines.
Percent change in seizure frequency and 50% responder rate for all seizures were also evaluated as secondary efficacy endpoints. Exploratory efficacy endpoints included rates of freedom from PGTC seizures and all seizures during maintenance, and investigator-assessed Clinical Global Impression of Change (CGI-C) (assessment of clinical status throughout the 4 weeks before week 12, rated on a scale from 1 [very much improved] to 7 [very much worse]; last observation carried forward).
Safety assessments. Safety assessments included monitoring all treatment-emergent AEs (TEAEs), treatment discontinuations, clinical laboratory test results (chemistry, hematology, and urinalysis), and vital signs.
A combination of broad and narrow Standardized Medical Dictionary for Regulatory Activities queries (SMQs) were used to evaluate events in prespecified categories of special interest: abuse potential, accident/injury, alertness and cognition, cardiac and ECG TEAEs, drug-related hepatic disorder abnormalities, fall, hostility/ aggression (a narrow SMQ only was also applied), psychosis and psychotic disorders (a narrow SMQ only was also applied), rash, status epilepticus/convulsions, and suicidal ideation and behavior.
Statistical analyses. The full analysis set included all randomized patients who received at least one dose of study drug and had any postbaseline seizure frequency data. The safety analysis set included all randomized patients who received at least one dose of study drug and had at least one postbaseline safety assessment.
For the analysis of PGTC seizure frequency, baseline and percent change data were rank-transformed separately. Analysis of covariance was conducted on the rank-transformed percent change data with treatment and pooled countries as factors and the ranked baseline PGTC seizure frequency as a covariate. Treatment difference was estimated using the Hodges-Lehmann estimator and associated 95% confidence intervals. Treatment differences for 50% PGTC seizure responder rates and CGI-C scores were analyzed using the Cochran-Mantel-Haenszel test, stratified by pooled country.
For percent change in PGTC seizure frequency, assuming a common SD of 60%, a sample size of 82 patients per treatment group provided .85% power to detect a 30% difference based on a Wilcoxon rank sum test with a 0.05 2-sided significance level. For 50% PGTC seizure responder rate, assuming a rate of 35% for the placebo group and 57% for the perampanel group, a sample size of 82 patients per group had .80% power to detect a between-group difference in the proportion of responders based on a 2-group x 2 test with a 0.05 2-sided significance level.
RESULTS Patient allocation and demographics. The first patient was enrolled in July 2011, and the last patient visit occurred in May 2014. Of 307 screened patients (figure 1), 143 were not included, mainly because of failure to meet inclusion criteria (n 5 117, of which 70 failed based on review by the Epilepsy Study Consortium, either because of misdiagnosis of IGE [n 5 35] or insufficient information to confirm diagnosis [n 5 35]). The remaining 164 patients were randomized (placebo n 5 82; perampanel n 5 82). There were 163 patients in the safety analysis set (placebo n 5 82; perampanel n 5 81) and 162 in the full analysis set (placebo n 5 81; perampanel n 5 81). The proportion of patients who completed the study was similar in the placebo and perampanel groups (87.8% vs 84.0%, respectively). A median daily dose of 8 mg was achieved by 65 patients (80.2%) treated with perampanel; the remaining 16 patients (19.8%) achieved a median daily dose of 4 to ,8 mg.
The placebo and perampanel groups were comparable in baseline patient demographics and epilepsyspecific medical history ( Efficacy. During prerandomization, median PGTC seizure frequency per 28 days (range) was 2.5 (1.0-11.7) for placebo and 2.6 (1.4-18.5) for perampanel; during the randomization phase, these frequencies dropped to 1.6 (0.0-39.1) and 0.7 (0.0-22.8), Figure 1 Patient disposition respectively. Overall, compared with placebo, perampanel conferred a greater median percent change in PGTC seizure frequency per 28 days (238.4% vs 276.5%; p , 0.0001) and was associated with a greater 50% PGTC seizure responder rate (39.5% vs 64.2%; p 5 0.0019; figure 2). Compared with placebo, there was also a greater median percent change in the frequency of all seizures per 28 days in the perampanel group (222.9 vs 243.4; p 5 0.0018). During the maintenance period, 12.3% of placebo-treated patients and 30.9% of perampanel-treated patients achieved freedom from PGTC seizures; 4.9% of placebo-treated patients and 23.5% of perampanel-treated patients achieved freedom from all seizures.
At week 12, 32.9% of placebo-treated patients and 39.2% of perampanel-treated patients were considered "much" or "very much" improved according to CGI-C scores (p 5 0.5639).
Safety. TEAEs were reported in 59 placebo-treated patients (72.0%) and 67 perampanel-treated patients (82.7%), with the majority of mild to moderate intensity (severe TEAEs occurred in 6 patients in each treatment group). Most frequently reported TEAEs for perampanel ($10%) were dizziness, fatigue, headache, somnolence, and irritability (table 2) . Serious TEAEs affected similar numbers of patients treated with placebo (n 5 7; 8.5%) and perampanel (n 5 6; 7.4%; table 3). Most serious TEAEs were transient and manageable, but there were 2 deaths: one likely case of sudden unexpected death in epilepsy in the placebo group and one accidental drowning in the perampanel group. One patient receiving perampanel 6 mg/d experienced status epilepticus; the event was Table 1 Baseline patient demographics and epilepsy-specific medical history 
No. of background AEDs at baseline, n (%) classified as severe but resolved following discontinuation of perampanel. One patient in the placebo group also experienced status epilepticus, classified as moderate. TEAEs necessitated discontinuation in 5 placebotreated patients (6.1%) and 9 perampanel-treated patients (11.1%). Of these, 3 placebo-treated patients (3.7%) and 5 perampanel-treated patients (6.2%) discontinued treatment following psychiatric disorders. For the 3 patients receiving placebo, these events included 2 mild to moderate cases of suicidal ideation and moderate cases of agitation, confusional state, and depression; for the 5 patients receiving perampanel, these events included one mild case of aggression, moderate cases of anxiety and insomnia, and severe cases of abnormal behavior, mood swings, suicidal ideation, and suicide attempt (patients with 2 or more AEs in the same system organ class [or with the same preferred term] are counted only once). Other TEAEs that led to discontinuation included 2 that affected more than one patient in the perampanel group: dizziness (n 5 2) and vomiting (n 5 2).
TEAEs necessitated dose adjustment or interruption in 6 placebo-treated patients (7.3%) and 9 perampanel-treated patients (11.1% [2 mg, n 5 1; 6 mg, n 5 2; 8 mg, n 5 6]). All of these TEAEs resolved (most without further action, although one case of nausea in the placebo group warranted treatment) except one case of dizziness in the perampanel group. One patient was withdrawn following interruption of perampanel treatment because of TEAEs of aggression and vomiting. The higher rates of dose adjustment or interruption in the perampanel group were attributed primarily to requirements for dose modification in patients with nervous system Abbreviation: TEAE 5 treatment-emergent adverse event.
Data are n (%). disorders, as defined according to the Medical Dictionary for Regulatory Activities (placebo [
]).
The following TEAEs of special interest affected more than 5% of perampanel-treated patients and were reported less frequently with placebo than perampanel: TEAEs related to alertness and cognition (narrow/broad SMQ terms: 14.6% vs 19.8%), hostility/aggression (narrow/broad SMQ terms: 4.9% vs 18.5%; narrow SMQ terms only: 0.0% vs 2.5%), accident/injury (narrow/broad SMQ terms: 11.1% vs 14.6%), psychosis and psychotic disorders (narrow/broad SMQ terms: 3.7% vs 7.4%; narrow SMQ terms only: 3.7% vs 3.7%), and rash (narrow/broad SMQ terms: 1.2% vs 6.2%). Other TEAEs of special interest were reported in ,5% of both treatment groups, with no TEAEs suggestive of abuse potential identified in either group.
There were no significant laboratory abnormalities. Mean increase in body weight was numerically lower for placebo (10.1 kg) than for perampanel (11.8 kg). Three placebo-treated patients (3.7%) had a body weight gain of .7% at the end of treatment compared with 9 perampanel-treated patients (11.1%; only 2 cases of .7% weight gain occurred in adolescents younger than 17 years, both in the perampanel group).
DISCUSSION Despite a perception that IGE and its associated seizures are easily treated, research suggests that approximately 35% to 40% of patients with some IGE syndromes (epilepsy with grand mal on awakening, juvenile myoclonic epilepsy, or childhood/juvenile absence epilepsy) may not achieve long-term seizure remission. [15] [16] [17] [18] [19] Of all the seizure types associated with IGE, PGTC seizures are perhaps the most serious and a known risk factor for seizure-related injury and sudden unexpected death in epilepsy. [20] [21] [22] [23] [24] [25] However, a recent evidence review has supported the use of just 4 AEDs for the treatment of PGTC seizures (lamotrigine, levetiracetam, topiramate, and valproic acid), with evidence for zonisamide considered low-level. 1 Of these, only lamotrigine, levetiracetam, and topiramate have demonstrated efficacy in randomized, doubleblind, placebo-controlled trials of adjunctive treatment for drug-resistant PGTC seizures. [26] [27] [28] [29] [30] While methodologies varied, the size of the full analysis sets in these studies ranged from 45 to 164 patients, and median reductions in PGTC seizure frequency ranged from 256.7% with topiramate (vs 9.0% with placebo; p 5 0.019) to 277.6% with levetiracetam (vs 244.6% with placebo; p , 0.001).
The present randomized, double-blind, placebocontrolled trial demonstrates the efficacy of adjunctive perampanel for the control of drug-resistant PGTC seizures in patients with IGE. The size of the full analysis set (n 5 162) and magnitude of the median reduction in PGTC seizure frequency (276.5%) compare favorably with previous studies of other AEDs. The PGTC seizure-freedom rate in the maintenance period (placebo [12. 3%] vs perampanel [30.9%] ) is also encouraging, given that the greatest reported PGTC seizure-freedom rate in such a setting is 34.2% with levetiracetam (vs placebo, 10.7%). 26 These observations are particularly notable given that patients in the present study were experiencing PGTC seizures despite receiving up to 3 background AEDs, which commonly included those described above as recommended for the treatment of PGTC seizures (lamotrigine, levetiracetam, topiramate, and valproic acid). This may be indicative of more refractory epilepsy than in the previous studies, where patients were limited to 2 background AEDs.
To our knowledge, this study is novel in its use of external review of every enrolled patient to ensure enrollment of a pure population of patients with IGE, and to exclude patients with unclassified epilepsy or an uncertain diagnosis. This approach was supported by the independent review of each diagnosis by the Epilepsy Study Consortium. Notably, 70 of 307 patients submitted for enrollment by investigative sites were not approved by the Epilepsy Study Consortium either because they did not have IGE or there was insufficient information to confirm the diagnosis. In contrast, there was no standardization of IGE diagnoses between the different recruiting centers in the previous study of levetiracetam; 3-to 5-Hz spike wave activity was seen in only 129 of 164 patients, and the diagnosis of IGE was "confirmed or suspected" in 158 of 164 patients. 26 While other studies did not specify IGE as an inclusion criterion, evidence suggests the populations may not have been pure. In a study of lamotrigine (n 5 117), many patients had a normal background EEG (n 5 39) or were experiencing seizures not typically seen in IGE (tonic seizures [n 5 11] or atonic seizures [n 5 2]). 28 In a study of topiramate (n 5 80), again, many patients were experiencing seizures not typically seen in IGE (tonic seizures [n 5 19] or atypical absence seizures [n 5 6]). 27 One important consideration for the treatment of seizures associated with IGE is the potential for improving control of PGTC seizures while exacerbating other seizure subtypes. [31] [32] [33] While this study was not designed to evaluate the impact of perampanel on the frequency of myoclonic or absence seizure subtypes, and not all patients had a history of myoclonic or absence seizures (table 1), there was no evidence for exacerbation of these seizure subtypes.
Perampanel was well tolerated with no new or unexpected safety concerns. The TEAE profile was similar to that observed in previous phase III studies in patients with drug-resistant, partial-onset seizures, across which the most frequent AEs were dizziness, fatigue, headache, irritability, and somnolence, as reported here. 9 Some AEs of special interest appeared more frequently with perampanel than placebo, including AEs relating to hostility/aggression, which is again consistent with the previous phase III data. Almost all TEAEs leading to dose reduction or interruption subsequently resolved, suggesting dosedependent effects. TEAEs necessitated discontinuation in 9 perampanel-treated patients (11.1%; vs placebo, 6.1%), of whom 5 discontinued treatment following psychiatric disorders (6.2%; vs placebo, 3.7%).
While one study limitation may be the short treatment duration of only 17 weeks, patients had the option to subsequently receive adjunctive perampanel for 142 weeks in an open-label extension phase. This extension phase is currently ongoing, but it is anticipated that it will provide additional insight into the efficacy and safety of adjunctive perampanel for the treatment of drug-resistant PGTC seizures over a longer-term setting.
Overall, adjunctive perampanel 8 mg was well tolerated and effective in improving seizure control in this randomized, double-blind, placebo-controlled, parallel-group study in patients aged 12 years and older with drug-resistant PGTC seizures in IGE. Taken together with previous data demonstrating efficacy in patients with partial-onset seizures, [6] [7] [8] [9] this indicates that perampanel can be considered a broadspectrum AED, which may be effective in both focaland generalized-onset seizures.
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